Abstract This paper assesses the use of certified Iraqi montmorillonite clay as a potential sorbent for the removal of oxytetracycline (OTC) from aqueous solutions. The clay is characterized by a cation exchange capacity of 0.756 meq g -1 and a zero point charge at pH 8.7. Aqueous solutions of OTC were equilibrated with montmorillonite under various experimental conditions, such as OTC concentration, pH and clay content, for 24 h at fixed ionic strength. Two forms of montmorillonite were evaluated: regular and iron-modified form. The effect of pH was minor on OTC adsorption. Kinetic study revealed that the sorption follows a pseudo-second-order model. Sorption isotherm showed a good fit with the Freundlich model. OTC sorption onto Fe-saturated montmorillonite was analyzed statistically using a response surface design to study the effects of experimental conditions. The introduction of iron improved the adsorption characteristics of the clay due to the ability of ferric ions to make stable complexes with OTC. The most favorable operating conditions for the treatment were deemed as follows: clay content, 6.85 g L -1 , oxytetracycline concentration, 1.0 mmol L -1 and pH, 5.5 for the iron-modified form.
Introduction
Antibiotics are routinely administered to farm animals, fish and trees for disease prevention and growth promotion at dosages below those recommended for fighting bacterial infections (Levy 1997) . The available reports indicate that large quantities of these antibiotics are eventually released into the environment. Most of the antibiotics are not metabolized in the body and are excreted in the active form (Lee et al. 2000) . Hayes and Geiger (2008) , reported that 25-75 % of tetracyclines, TC, administered to animals are excreted in the active form. The fate of antibiotics introduced into soil and aquatic environments with manure and other animal wastes is largely unknown. However, the presence and persistence of antibiotics in soil and aquatic environments could encourage the development of new antibiotic-resistant populations of bacteria (Henry 2000) . The TC group of antibiotics is characterized by three different moieties of the molecule that can undergo protonation-deprotonation reactions and have the possibility to adopt different ionic species and conformations depending on the pH of the aqueous solution in which TC is dissolved (Parolo et al. 2008) . Oxytetracycline, or OTC, (Fig. 1 ) is a widely used antibiotic for human and veterinary purposes.
Oxytetracycline levels that exceed 1,000 lg g -1 could be detected in manure of beef cattle (Duff 2005) . Considerable concern has been expressed over the fate of antibiotic residues in the manure of treated animals (Arikan et al. 2006) . The consequences of antibiotics in water have stimulated much effort toward their removal from wastewater and manure. Only partial removal of antibiotics could be achieved in wastewater treatment plants, and the process is dependent on the chemical structure/properties of the drug (Gulkowska et al. 2008) . Activated sludge system, however, fails to cause any biodegradation of TC in wastewater (Kim et al. 2005) , and the antibiotics are detected in the effluents of conventional and advanced wastewater treatment systems (Watkinson et al. 2007) .
Several authors reported on the removal of antibiotics by adsorption on clay materials (Peterson et al. 2009; Polubesova et al. 2006) . Parolo et al. (2008) described a Patagonian montmorillonite that appeared as a good adsorbent of TC. Choi et al. (2008) used two types of granular active carbon for the removal of OTC from synthetic and real wastewaters. They reported a removal efficiency of more than 90 %. But removal efficiencies deteriorated (44-67 %) in the river water due to organic interference.
Many authors have also studied metal-antibiotics interactions. Campbell and Hasinoff (1991) proved that concurrent ingestion of iron causes marked decreases in the bioavailability of a number of drugs including OTC. The iron-OTC interaction was utilized to establish an analytical method for the determination of OTC (Alwarthan et al. 1991) . Mackay and Canterbury (2005) found that the sorption of OTC on metal loaded ion-exchange resins increased with increasing metal/sorbate ratio at pH 7.6. Greater sorption to Cu-than Ca-loaded resin was observed, consistent with the greater stability constants of Cu with both the resin sites and with OTC. The ability of soil organic matter to sorb the OTC can also be improved by the addition of iron because of the strong complexing of OTC to iron. Pusino et al. (2004) found that the saturation of clay with iron resulted in rapid adsorption of azimsulfuron and equilibrium was attained within 1.5 h. Vu et al. (2010) used Fe impregnated mesoporous silicates for the sorption of TC and improved the removal of these antibiotics from water.
Iraqi montmorillonite is a certified claystone of Wadi Bashira, West of Iraq and recommended for adsorption by the Iraqi geological survey. The purpose of the reported work was to investigate the possibility of utilization of this clay material and its iron saturated form for removal of OTC from antibiotic-rich water.
Materials and methods

Materials and reagents
The OTC standard was supplied by Sigma Aldrich (99 %?). The KCl was analytical grade reagent from (Merck, AG). HPLC grade methanol and acetonitrile were purchased from Fisher Chemicals (Fairlawn, NJ, USA). NanoPure water (Barnstead NanoPureII, Dubuque, IA, USA) was used for the preparation and of OTC and KCl Standard stock solutions. The working calibration standard solutions and the standard addition spikes were prepared daily.
The montmorillonite is a certified clay obtained from the Iraqi Geological Survey and consists of montmorillonite (77.0 %) in addition to other minerals. The point of zero charge of montmorillonite is 8.78 (Barbooti et al. 2012) .
Buffer solutions were prepared from PIPES which is the common name for piperazine-N, N 0 -bis(2-ethanesulfonic acid). A stock solution of 10 mM concentration was prepared from which the working pH buffers were prepared by simple adjustment of the main buffer with drops of 0.1 M HCl and 0.1 M NaOH.
HPLC analysis
Oxytetracycline was analyzed by A Finnigan/Surveyor/ plus/HPLC system (Thermo Scientific) equipped with quadruple pumps coupled with Surveyor PDA plus detector (Photodiode Array) and a Surveyor/Plus Autosampler was used for all the analyses. A Hypersil Gold C18 column (150 9 4.6 mm, 5 lm) with a Hypersil Gold guard column (10 9 4 mm, 5 lm) at room temperature was used for all separations. Samples were eluted isocratically with a mobile phase consisting of 0.010 M aqueous oxalic acid: acetonitrile: methanol (150:20:20 by volume) (Fritz and Zuo 2007) . The mobile phase was mixed and sonicated for 5 min before use. The flow rate was maintained at 1.5 mL/ min with an injection volume of full loop (25 lL). The UV detector was set at 360 nm. Linear calibration was used for quantification based on the curves between the concentration and peak area of known standard of OTC.
Procedures
Montmorillonite analysis for Fe
The montmorillonite clay was extracted with 0.5 M HCl for 2 h in a 50-mL centrifuge plastic tubes. The tube contents were centrifuged and filtered by syringe microfilter, 0.2 lm. The filtrate was analyzed with ICP-MS for the Fe content. The analysis was done in duplicates. Preparation of Fe-modified clay (Gerstl and Banin 1980) In a plastic centrifuge tube, 4.0 g of clay was shaken in the presence of 20 mL of 1 M FeCl 3 solution for 30 min. The tube contents were centrifuged at a speed of 3,000 rpm for 10 min. The supernatant was decanted and another 20-mL aliquot of 1 M FeCl 3 . The operation was repeated three times. The excess salts were removed by repeatedly washing for 4-5 times with nano pure water and centrifuging. The electrical conductivity of water was measured for the washings each time until constant conductivity was attained.
Adsorption
Adsorption was carried out in a batch mode. Various amounts of OTC were placed in 15-mL centrifuge tubes with calculated amounts of the montmorillonite and KCl solution. The volume was made up to 10 mL with five different buffer solutions that cover a pH range of 3-10.
Duplicates of each sample were tested. The tubes were covered with aluminum foil and placed on a rotary shaker for 24 h and run at a speed of 250 rpm at the lab temperature which ranged between 19 and 21°C. After equilibration, the samples were centrifuged at 3,0009g for 10 min to aid solid separation. A representative aliquot (3-4 mL) was taken by filtration through 0.22-lm syringe filters into amber glass vials to avoid photodegradation and kept away from light at 4°C until the time of analysis.
Kinetic experiments were carried out by shaking the sample tubes manually for specified time intervals starting from 5 min. The shaker was used for intervals exceeding 30 min. Sample solutions were separated by centrifuging and syringe filters as above.
Experimental design
The central composite design (CCD) (Lawson 2009 ) was used in this work to allow the investigation of the effects of three main parameters: OTC concentration, clay content and pH of the solution on the process of sorption. The CCD is often used in response surface methodology for building a second-order model for the response variable without needing to use a complete three level factorial design. The CCD consists of a 2 k factorial with center points and axial points, where k is the number of factors in the experiment. The 2 k design with the addition of the center points and axial points allows estimations of linear, linear by linear interaction and quadratic terms in the model. In our experiment, five levels of each factor were used, including two levels of the factor, one center point and two axial points. For example, the five levels of clay dose, OTC concentration and pH are 0.5, 2.5, 5.25, 8 and 10 g L -1 , 0.1, 0.29, 0.55, 0.81 and 1.0 mmol L -1 and 3, 4.48, 6.5, 8.5 and 10, respectively.
Preliminary experiments
Prior to the reported study and to justify the possibility of montmorillonite as a potential sorbent for OTC, a series of experiments were carried out by equilibrating 10 mL samples of synthetic wastewater with various OTC concentrations, 0.10, 0.20, 0.5 and 1.0 mmol L -1 with 5, 10, 20, 50 and 100 mg of montmorillonite powder, corresponding to clay contents of 0.5, 1, 2, 5 and 10 g L -1 , respectively. The samples were shaken for 24 h, centrifuged and the solutions were transferred into dark brown vials using syringe filters of 0.2 l. The solutions were analyzed for OTC by HPLC.
Results and discussion
Effect of pH on OTC sorption onto untreated montmorillonite
The effect of solution pH on the adsorption efficiency of OTC to montmorillonite was studied in the range of 3-10. It appeared that the increase in pH resulted in a slight decrease in adsorption efficiency until a pH value of 5 (Fig. 2) . The rate of decrease was small in comparison with the reports of Doi and Stoskopf (2000) and Kulshrestha et al. (2004) , who showed that adsorption decreased rapidly over this pH range and reported a strong correlation between pH and the sorption capacity of TC. Adsorption increased slightly at pH 10. However, this observation may be misleading. Such high pH may cause some degradation of the OTC (Parolo et al. 2008) , thus lowering the residual concentration of OTC in solution resulting in false high in calculated adsorption value. The measurements were performed at a constant ionic strength of 0.01 M (KCl). Avisar et al. (2009) detected maximum adsorption at pH 2-4 and concluded that the sorption capacity of their montmorillonite at pH 5-7 was still high, which is indicative of the effect of pH on the adsorption process.
Effect of iron content on adsorption
Few authors have reported the effect of iron on the extent of adsorption of antibiotics onto clay minerals (Campbell and Hasinoff 1991; Zhao et al. 2011) . To study this effect for Iraqi montmorillonite, the concentration of the available iron in the montmorillonite was determined with ICP-MS and found to be 252 lg g 21 (0.0045 mmol Fe g -1 ). For 2.0 g montmorillonite L -1 , the available iron content accounts for only about 0.01 mM concentration of iron. Such a low concentration of naturally available iron may not be effective in enhancing the adsorption of OTC. The iron-free montmorillonite was used for the sorption experiments, and the results indicated almost similar sorption capacity with that of the untreated montmorillonite.
Effect of adsorbent dose
Experiments were conducted to follow up the adsorption of 0.2 mM OTC in solutions containing increasing amounts of the Fe-modified montmorillonite. Parallel experiments were run with untreated montmorillonite. The adsorption capacity was calculated from the concentration of the residual OTC after equilibration for 24 h. A comparison of the adsorption efficiency of untreated montmorillonite with the Fe-modified clay was performed to show the effect of iron introduced into the clay structure (Table 1 ). The process resulted in a 60 % improvement of the adsorption capacity at low clay content (0.5 g L -1 ). This reflects the complex formation effect between OTC and iron which resulted in increased affinity of the clay toward OTC. As the clay content increases, the adsorption profiles tended to be identical. An improvement of the adsorption properties of the clay could be achieved especially at low clay content. Thus, the treatment with iron reduces the amount of clay needed for OTC removal.
Adsorption kinetics
The effect of time on the extent of adsorption of 0.2 mM OTC was studied. Preliminary observations indicated that the adsorption is rapid. Thus, extreme care was undertaken to isolate solutions at specific time intervals. The majority of OTC adsorption took place within the first 2 h. Beyond 2 h, increase in adsorption was relatively slow. Doi and Stoskopf (2000) reported that the presence of a bentonite clay surface resulted in an approximate 17 % decrease in OTC concentration within 5 min of contact.
First-order kinetic model was applied to assess the sorption process but the correlation of the data was weak. The pseudo-second-order kinetic equation (Ho 2005) t=C s ¼ 1=k C se ð Þ 2 þ1=C se ðtÞ ð 1Þ
was applied for the sorption of OTC on montmorillonite. Figure 3 shows the plot of (t/C s ) against time, t. Excellent correlation was obtained (R 2 = 0.9982). Maximum adsorption capacity, C se , 0.091 mmol g -1 , was calculated from the slope of the line. The C se value was used to calculate the equilibrium constant, 0.5/mmol 2 .
Adsorption isotherms
Oxytetracycline adsorption capacity values onto montmorillonite, C s , were plotted against the equilibrium OTC concentration in solution, C eq . The resulting data fit was a linear relationship with an R 2 value of 0.993
The slope of the line was used to calculate the overall sorption coefficient, K d , using the formula:
where CEC is the cation exchange capacity of the clay, 76.59 meq g -1 . Sorption coefficient was normalized to the sorbent's cation exchange capacity because interactions of OTC with specific charge sites on the clay surface were The data were also fitted to the Freundlich model, and the isotherm parameters were determined. The linearized form of Freundlich model is:
where K F [(mg/g) (L mg -1 )1/n] and n (dimensionless) are constants indicative of adsorption capacity and intensity, respectively. The Freundlich plot (Log C s against Log C eq ) is given in Fig. 4 . The plot is linear with an R 2 value of 0.9661.
Log C s ¼ 0:6192 þ 0:881ðLog C eq Þ ð 5Þ The K F value was calculated from the intercept of the plot as 4.1610. The value of n was calculated from the slope as 1.135.
The degree of applicability of the isotherm model to describe the experimental data is indicated by the values of regression coefficients (R 2 ) that are regarded as a measure of the quality of fit of experimental data on the isotherm models (Al-Asheh and Duvnjak 1997). The closer the R 2 value to unity, the better the fit to the isotherm equation.
Optimization of sorption on Fe-saturated montmorillonite Regression analysis of CCD was applied to the approximating model to determine the relationship between adsorption efficiency and clay concentration, OTC concentration and pH. The coefficients of the response equation are given below:
where M and C refer to montmorillonite content (g/L) and OTC concentration (mmol L -1 ), respectively. In this fitted model, only M and M 2 are significant with p value \0.05. The response equation was able to explain 84.14 % variance with a final loss of 0.062. The final loss was calculated as follows:
The analysis of variance results are shown in Table 2 . The sums of squares for linear simultaneously account for the three linear terms in the model. The sums of squares for cross-product simultaneously account for the three interaction terms in the model. The sums of squares for quadratic account for the departure from linearity. From Table 2 , it is evident that only linear terms have significant effects, and neither quadratic nor cross-product term has any significant effect on adsorption efficiency. The p value for the lack of fit test is 0.1657, which indicates that the model fit the data quite well.
A summary of the predicted efficiency and observed efficiency is given in Table 3 . The individual residuals and the sum-squared residuals (standard error of estimates, SEE) are relatively small.
Optimization of operating variables for sorption efficiency
The three-dimensional surface plots and the response contour plots of efficiency are given in Fig. 5 . A contour plot is the projection of the response surface as a twodimensional plane. It gives a better understanding of the influence of the variables and their interaction on the response (Chandran et al. 2002) . The values of the remaining factors were fixed at the center values: pH = 6.49, OTC concentration = 0.55 mmol L -1 and clay content = 5.25 g L -1 . In the contour plot, the lines represent contours of predicted values from the quadratic model, and the shading represents the standard error of the Combined effect of clay content with other parameters Figure 6 shows the effect of the clay content on the adsorption efficiency for various OTC concentrations at a fixed pH value of 5.5. It is apparent that the efficiency increases with increasing clay content. However, above a clay content of 6.5 g L -1
, efficiency does not show any appreciable increase. Thus, from economic point of view, 7.0 g L -1 may be selected as the optimum value. The increasing OTC concentrations result in increased adsorption efficiency. Figure 7 shows the effect of the pH on the adsorption efficiency for various clay contents at a fixed OTC concentration of 1.0 mmol L -1 . Adsorption efficiency is maximum at clay content of 5 and 6.5 g L -1 for the various pH values. Further increases in the clay content cause decrease in efficiency. The efficiency plot at a pH of 3 showed a sharp increase over the entire range of the clay content. Thus, regardless of the relatively higher sorption efficiency obtained at this pH it may not be recommended as the optimum pH for the removal of OTC. This is based on the fact that engineers designing a remedial system need to ensure a stable response for small variations in operating conditions. With regard to this criterion, the optimum pH value may be 6.5, which ensures rather stable adsorption efficiency over a wide range of clay content.
Combined effect of solution pH with other parameters Figure 8 shows the effect of the pH on the adsorption efficiency for various OTC concentrations at a fixed clay content of 6.5 g L -1 . The efficiency is dependent on solution pH to a lesser degree at moderate to high OTC concentrations until a pH of 8. Above that pH, efficiency decreases sharply, but only for high OTC concentrations (0.68, 0.84, 1.00 mmol L -1 ). This can be related to the higher concentration of negative surface charges of clay particles in the alkaline medium. The decrease in efficiency may be related to the possible degradation of the drug in alkaline medium (Doi and Stoskopf 2000) . However, similar pH-dependent adsorption trend is absent in low OTC concentrations (0.20, 0.36 mmol L -1 ).
Conclusion
From the present study, it can be concluded that introduction of iron in montmorillonite structure of improves its performance as an adsorbent of OTC. Proper statistical design is a key to understanding the effects of various operating parameters on OTC adsorption behavior of the clay. A quadratic model can simulate the process of removal of OTC from synthetic wastewater. The most favorable operating conditions for OTC adsorption on Iraqi montmorillonite are as follows: clay content, 6.85 g L -1
; OTC concentration, 1.0 mmol L -1 ; and pH, 5.5. 
